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ABSTRACT

This is 4the third semi-snnual report of a three year program to investigate
those mechanisms vhich contribute to the long tern degradation of diode

;xrameterﬁ. This report is primerily concerned with the structuring, refin-
ing end verification of a Deterministic Model for diode feilure. The Deter-
ministic Model is presently separated into two portions; reverse bias degra-

dation and forward bias degradation.

The reverse bias portiox of the model was derived and discussed in the second
Technical Documentary Report. This portion of the model is repeated in this

report, which also containa :

sample degradatios rate constant calculations,

« a digcussion of the preliminary verification of the model,

= the planned test matrix to complete the verification and refinement
of the model,

- a sumary of the failure analysis effort performed to struciure and

verify this portion of the model.

The forward bias portion of the model has proved to be more complex than the
reverse bias portion. The oWserved response to stress has been multi-modal and
dependent on the measurement bias voltages. This portion of the model is being
structured, but the following points have been determined, snd are discussed

in this report:

- the temperature and pressure used ir the sealing process have a major

effect in the degradstion response pattern,
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- the degradatjon patterns following the sealing process, forward
current stresses and at very 'iigh temperature stress at zero bias
are identical,

= the deur;ded devices, which had been stressed ip the sealing pro-
cess, exhibited microplasma light emission, low amplitude micro-
piasma noise puises and reverse voltage walkout,

-~ the observed failure mecnanismsz seem to be surface, rather than

bulk, related phencmena.

There is evidence to indicate that the model should be based on the high
temperature decomposition of a compound into componente, gt least one of
vhich js active in increasing the surface electron corcengration. The
planned test matrix to complete the structuring, verification, and refine-
ment of the model has been designed and is discussed in the report. 1In
addition, a summary of the failure analysis effort performed tc date on
this portion of the model is included. Failure analysis will become an
even more important part of the work effort to achieve the objectives of
the program. This report contains an explanation of the physical nature
of the fsilure mechanismz and s complete Failure Mode Chart which defines
failure codes and relates the failure mode categories, failure mechanizms

and failure caunses.

The comprehensive step-stress tests have been continued. The 175°C forvard
current, forvard voltage and reverse voltage strcsses are completed. and the
date analysis vill be inciuded in the rext report. The 200°C and 225°C
stresses will be completed next. The step-stress data will be used to extend
the range of the reverse bias portion of the Deterministic Model as wvell as

to make certain that all the pecessary stresses are included {n the Determin-

istic Mode) test plan.
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SECTICN 1

DICDE NEGRADATION STUDIES

1.1 Introduction

The work of the current reporting period was concentrated on the leg-
radation whick followed forward bias stressing. It was found that
there were other characteristic features of the degraded dicdes in
asddition to the excess reverse current. Degradation patterns, similar
to those resulting from forward bias stress, were also found to be
caused by some other types of stress. The sesling process, which sub~
Jects the pellet to high temperature and pressure, l:ads to s degrada-
tion of the d;ode characteristics quantitatively similar to that re-
sulting from forward ~urvent stresses. The degradation is relieved by
an annealing and heat aging process, although some= of the degradation
remains in»gome of the units.Pellets which were studied before the
sealing process were found t. be very stable against forward current
degradation. Storing diodes without bias at high temperature was also
found to degrade the diodes in the same manner as the forwasd current.
The characteristic responses to these stresses were:

1, excess reverse current
2. walkout

w

microplasma light emission

=

microplasms noise.

Observation ~f microplasma light and noise suggested a model of the

failure mode based on ion moticn in or near the silicou-silicon oxide

transition region which caused a decrease in the surface breakdown volt-

1




rge. The excess current was determined to be the superposition of the

currents of many localized breskdown regions.

l.2 The Reture of the Forvard Bias Degradation

The following psragraphs describe the degradation response of the diode
following the application of large forward currents. Figure 1 shows a
log-log plot of representative voltage-current characteristics for cur-
rents lesez than one milliampere. For currents greater than one milliam-
pere, the forward current increased less rapidly with forward voltage,
and at 100 milliampereé, the mean forward voltage iop was 0.97 volts,
The primary degredation caused by forward current stressing was an in-
crease of the reverse current as measured at room temperature., The five
important variables which determined the change in reverse leakage cur-

rent were:

IF - The forward current at which the diode was stressed.

1 = The ambient stress temperature.

ts = The duration of the strers,

VR - The reverse voltage at which the current was measured.
TM _ = The measuring tempevature,

No significant changes in the forvard characteristic, or in the reverse
characteristic bvelow 100 millivolts, have been observed to result from
these stresses. To emphasize diode to diode variance, Figure 2 shows a
linear plot of the reverse voltage-current characteristic for three
diodes from the same diffusion lot. Probing the reverse characteristics

of pellets which were not sealed showed:

N
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1. & lover average current in the renge from 30-80 volts

2, less variation from unit to unit,

As discussed below, the significance of this observation to the relia-

bility studies was that the pellets which were not fabriceted into fin-
ished devices were far less susceptible to the forward bias degradation,
Moreover, the fabrication process was known to lead to & mode of device

degradation which had many characteristics identical to those resulting

from forward bias streésing; that is, the fabrication process caused the
dicdes to exhibit large reverse leakage curremts, walkout, microplasma
noise, and light emission. Thus, the individual differsnces among
diodes shown in Figure 2 were the result of differing leveis of degra-
dation resulting from the sealing process and differing amounts of re-
covery during the eging and annealing 1 ‘ocess. These effects will be
monitored in the deterministic model test plan, which 1s discussed later.

It did not appear, however, that the remnant dsmage following the aging

process provided a basis for screening the diodes for susceptibility to
forwvard bias degradstion. Hovever, successful screening procedures have

been demonstrated and will be discussed later.

@

Figure 3 illustrates a response vhich wves shown by roughly one-third

of the diodes tested. The s0lid lines show the state {messured at rom

temperature) of the diode after various periods of atress st forvard

currents of 200 millismperes and an ambient temparature of 180°C. The

characteristice vere recorded with an X-Y recorder after each period of

stress. The s0lid lines indicete the progressive nature of the degradation

and shov that, unlike the reverse bias mode, there vas no indication of
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any saturation of the degradstion after long periods of stress. The
results of annealing the units at LL0°C withcut an applied bias are
shown in the dasned curves. It is seen that there was s rapid initial
recovery, but after 18 hours the recovery vas far from complete. In
less severely degraded diodes, nearly complete recovery resulted from
the annealing process. Temperatures jin the 500°C to 600°¢ range re-
sulted in recovery>atllow voltages, but increased degradation at higher
voltages. Some of the diodes were found to degrade rathar than recover
under zero bias annealing. The dependence on reverse measuring voltage
was also different from that of the reverse bias failure in that the
excess current increased rupidly with reverse voltage. Figure b iz &
log-log plot of the excess current as a function of reverae veitage,
and the slope indicates that below approximately forty volts SIR vasg

proportional to Vanith n values in thz rzuge froz two to four.

t ”

Larger exponents vere neeeasaxgéﬁo fit the excess currest gl large ¥Hlt-

ages in the heavi;g,ééérsded duvices., The faszs ¢2xt iTan ,%/%i;cﬂedt:
vere needed to fit the 2xress curreny cuzrves vhen the Zicde hs& ;kpcr—
jenced different zmounts of e%;é;t indicated that the power iav oehavior
of the excess cusrent yﬁi-not fundasentsl to the fsilure mechsnism being
investigatei. However, to distinguish this typs of degradation f.om that

shovn in Figure 3, it is convenient to use the term powver lav degradation

for the behavior shown in Figures 3 and h.

Figure 5 shows another form of reverse current degrsdation frequently

observed sfter forvard bdiss !trenaing; There visvno‘excrsa current until

8 certain critical voltige vas §pgiied. Avove taie voltage, the current

s
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increased repidiy. Observaiion of the excess current at higher levels

than those shown in Figure 5 demonastrated that the excess current was
approxizstely linear with voltage snd thet no decrease in the high i
current (ahcve ) milliampere) breakdown voltage had occurred. It was
found that continued stressing could result in a decrease in the critical
voltage, but often the result of continued stressing was the gradual
appearance of a power law degradation at low voltages. Heat treatment

at LLOOC without bias usually resulted in an iucrease in the critical

voltage, but not in the complete recovery of the diode.

A third behavior found in ten to twenty per cent of the diodes was the
absence of any detectable degradation in reverse current below =ighty

volts, even after prolonged forward current stress.

The same modes of degradation could he observed at lower ambient temp-
eratures, although longer duration stresses vere required. With a room
temperature ambient, it was found that a forward current of 300 milliam-
peres would produce rignificant degradation in most units in less then

a day and very severe degradation within a week. .The failure modes dis-
cussed above were the only ones detected for forward currents up to 300
milliemperes and temperatures up to 210°C. The rate of degradation was,
of course, dependent on temperature and current. At room temperature the
seme failure mods app’isd to even higher current levels. Figure 6 shows
the rapid onset of degradation at a current level of 500 milliamperes,

=i room temperature. It is seen that the diocde could withstand this
curren% for periods of less tha; a minuve, but severe degradation resulted

from the longer stresses. The degradation would have be.a even more

rapid except that the diode vas walked out after each period of stress

10

e A==




(the phenomenon of walkout is discussed in detail in paragrazh l.L).

As the current was increased, similar degradstion was experienced dut

it occurred more rapidly, with 30 seconds at 0.9 amperes forwerd cur-
rent being roughly egquivalent to 35 minutes at C.5 amperes. Thirty
seconds at 1.2 amperes produced & new type of failure, but rectification
wag stiil present and the dicde drew 3.5 microamperes at a reverse volt-
age of 30 volts and 180 microamperes at a reverse voltage of 60 volis.
Thirty secnnds st 1.5 amperes resulted in a shorted junction, with a
resistance of .05 ohms, which was the series resistance expected from
the epitaxial material beneath the junction. The Junction temperature
at the i.S amﬁere current level probably resulted in the alloying of
the silver cont;ct and the silicon which then resulted in the shorted
Junction. It is important to note for the situation shown in Figure 6
that when the characteristic was measured at high current levels (in the
vicinity of cne milliampere) it was fournd that the junction bregkdown

voltage was unchanged from the vrestress value.

To investigate the room temperature response to forward bias siressing,
four diodes were subjected to a forward bias of 300 milliamperes at room
tenperature embient along with two double heat sink diodes manufactured
by & vendor other than General Electric. One of the General Electric
diodes remained stable under this stress for over a week and gave no
indication of failure. The other three diodes degraded badly after 20
to 40 hours of this stress. The diodes manufactured by the. other vendor
alsc failed, with a rate and magnitude of degradation very similar to
the three General Electric diodes. The mode of failure appeared to be

identical to the degradation of diocdes under forward bias 'at high

11
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- temperature. In the first few hours, the diode characteristic hardened

slightly prior to the onset of degradation.

Thers 1s an important comparison between characteristics of the un-

stressed dicdes in Figure 2 and those. of the degraded units in Figures

3,5 852 6. It is seen that unit I in Figure 2 had a characteristic

¥hich resembled that of an initially harder diode which had undergone &
substantial amount of power law degradation. Unit Il had a characteristic
vhich resembled those of degraded units which had a rapid current increase
above a critical voltage. This was confirzciion of the idea that the
degradation which accompanied the sealing process, and which necessitated
the annesling sand aging process, was of the same nature as that observed
following forward bias degradation. It also indicated that the annealing
and aging process did not completely remove this degradation. This compar-
ison also required that any attempt to calculate the reverse voltage-
current characteristics of the unstressed diodes nust allow for the presence
of an excess current component. This component could not be attributed to
uniform or nearly uniform pre-avalanche multiplication in the high field
region between the junction and the sub-epitaxial layer, since the break-

down voltage of this region was known to be unaffected by stress,

The temperature dependence of the excess current is showm in Figure T.

The solid line shows the behavior of the generation current in the unde-
graded diode. The high temperature slope corresponded to an activation
energy of 0.71 ev which was which within the cxperimental error of earlier
observations for silicon P-N Junctioné}) The change of slope below room

temperature was due to the freezing out of free carriers onto the dopant

jons. It is seen that the excess current resulting from forward bias

12
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degradation was less strongly tamperature dependent than the junction
generation current. This was different from the excess current follow-
ing reverse bias degradation, which showed the same temperature depen-~
dence as the generation current. The activation energy of .08 ev was
not e constant, but was smaller for higher measuring voltages, vwhere
more excess current flowed. The weaker dependence on temperature made
the observation of excess current caused by forward bius degradation at
elevated‘temperatures more difficult than in the reverse biss case,
becsuse at high temperatures the component due to forward bias degrada-
tion was small compared to the Jjunction generation current. However, in
heavily degraded diodes, excess current caused by forward bias degrada-
tion could be observed at 140°C. Unlike the case of the reverse bias

failure mode, this technique has not proved useful for determining rates

of degradation.

1.3 High Temperature, Zero Bias Stresses

It vas found that heating the diodes into the range of 400°C to 550°C,
with no applied bias, resulted in a degradation of the room temperature
:reverse current characteristic which was identical with that produced by
forwvard current stressing. Both power law and abrupt increases in the re-
verse leakage current vere observed but units showing powver lav degradstion
vere less common., It was found that the extent of the damage produced by
' zero biss heating vas completely different when the diode was cooled slovly
| from the elevated temperature (over a period of five hours) than when the
diode was cooled rapidly, or quenched, (in a period of 5 to 10 seconds) by
placing it on a large room tenpar@ture heat sink. In the former case, not
much degradation, and often an improvement, was obgerved. However, vhen the

diode was quenched from the high tenpersture, degradation was alvays observed.
15




Pigure 8 shows the behavior of one diode which was subjected to repeated

periods at soo°c. The cross Latched bars show the reverse weltage which
Vis necessary to meintain a reverse current of 10 microamperes. The
80114 bars show the reverse voltage which was necessary to maintain a
reverse current of 40 nanoamperes. The recovery which occurred when the
diode vas heated and slowly cooled is very evident. After the first slow
cooling, it is seen that the reverse characteristic was even harder than
it vas before the temperature stress. The diode was quenched after each
period at the elevated temperature except for the two cases marked slow
cool. It may be seen that the major degradation took place in the first
hour followed by & gradual degradation. This pattern was expected since
other experiments had shown that most of the degradation at SOOOC occurred
in the first two minutes. After the diode had been heated and ccoled
élowly, considerable recovery was observed. This response pattern should
provide information on the true temperature derendence of the mechanism

responeible for tie forward bias degradaticn.

The basic similarity betwveen the forward current - induced degradation
and the degradation caused by zero bias, high temperature stressing was
established by the presence in both cases of walkout, micrcplasma noise,
light emission and by the similar dependence of this excess current on re-
verse bias. During the second set of quenches shown in Figure 8, between
L1 and 49 hours, the ambient stress temperature was raised to 550°C with-

out markedly increasing the degradation.

In addition to degreding the room temperature reverse-current characteris-
tic, the high tempera:'re stresses affected the silver to silicon ancde

contact. In one case, after quenching the diode was open circuited

16
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| but contact was restored by another hesting-cooling cycle. There also
a\e\u & decrease in the lov voltage current flow, indicating an increased

N Wt potential. Heating the diodes to still higher temperatures
(600°C) 1ed to the flowv of the sesling glass and usually to a change
of position of the heat sink slugs relative to the silicon pellet. These
distorted diodes were usually open, or had large forward voltage drops,
and for this reason 550°C wvas about the practical limit for heat stress- 5
ing or annealing the dicde. It should be noted that lead oxidation,
vhile severe, vas not a limiting factor in these heating experiments be~

cause of the short stress times.

r

1.4 ﬂlihout

A recurring feature of the forvard bdias failure mode was the presence of
“walkout (or push) vhich was & spontaneous hardening of the reverse voltage
~current characteristic vhen large currents were first applied to the de-

graded diode. A typical walkout effect is showvn in Figure 6. In the

iy N L

presiress v:on@ition? the reverse characteristic was stable and could be
measured to currents above ane milliampere without cmmink an; inatability.
After a pariod of forver¢ blas stress, an excess th appeared above a
eritical voltage vhich decressed vith inereesing etresses. It vas found,
hovever, that the “s current vis oot stable and if the voltage was held
fixed just shove tho critical value, the currept decressed reapidly tovard
the prestress value. Nost of the decrease occurred in the first 20 seconds
after the overvoltage vac applied but a gradual decrease ccntinued for
ebout two minutes. If the messuring voltage wae incressed & volt or two,
the vhole process vas repeated with the originel sessuring voltage acting

as the critical voltage. This process could be repeated many times,
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restoring nearly the prestress characteristic over a range of 30 to

40 volts. Walkout was accomplished more rapidly by applying a large
overvoltage, sufficient to produce reverse current in the range from
100 microamperes to 1 milliampere. When this was done for one minute
or so a large recovery in the low current characteristic was observed
as shown on the dashed curve in Figure 6. After this period of walkout
the reverse voltage-current characteristic was found to be stable up to

the voltage at which the walkout was performed.

It was possible to record the progress of walkout &s a function of time
by connecting the diode to a constant voltage source and measuring ﬁhe
decreasing current or by using & constant current supply and measuring the
increasing voltage. Figure 9 shows & semi-log plot of the results of the
tirst procedure for a non-gold doped diode which had been stressed with a
current of 200 milliamperes at a temperature of 215°C for 2 hours. The
behavior wvas quantitatively like that observed in the gold doped diodes.
A reverse voltage of 32 volts vas spplied vhen the criticsl voltage for
exce;a currents was 28 volts. Instantanecusly, & current of 1.7 micro-
anperas floved vhich decayed in 5 seconds to 0.8 microsmperes and in 10
seconds to 0.32 microemperss. Fram this point on, the timée dependeace of

the current could be represented by:

Ip =€, exp (:/tl) ¢ C

R exp (t/te) vhere

2

¢, = 490 nanoamperes and C_ = £S5 nemccaperes .

i and t2 vere 17 seconds and 97 seconds respectively.

Figure 10 shows the results of the procedure of mainteining s constant cur-

The time zonstants ¢

rent of 2 microamperes vhile **_ voitage increased. Here, again; the wvalk-

out shoved sz exponetitial behavior with two comporents, one cf which satur-

ated more quickly than the other. The curve was accurately represented by |
19 ‘
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Vo = 15 - 23 exp (£/270) - 19 exp (t/15)

vhere Va is in volts and t is in seconds.

The wvalkout vas observed in diodes af.er sealing and before the annealing
and aging, in diodes vhich had been degraded wiih fcrward bias, and dicdes
vhich had been degraded with zero bias, high temperature storage. This
vas evidence for the common origin of all threc types of degradation. In
all three situations, the time dependence of walkout was similar and

could be accellerated by increasing the overvoltage. Walkout was observed
in diodes showing power law degradation as well as those with abrupt in-
creasees in reverse ocurrent. I walkout originated from localized heating,
the excess current must have been very concentrated as walkout was 6ften
observed for currents less than L0 nanoamperes at voltages less than 40

volts vhere the total pover .nto the Junction was only 1.6 microwatts.

It {s not clear, st the present time, wvhether the double exponential

time dependence of the walkout represents & fundamental property or is
derely & supersicial effect. The time scale of the walkout is interssting
because it requires a very long period compared to most clectrical events
in siiicon and a very short period compared to ionic processes in silicas,
or silicon oxide, at room temperature. it (8 possidle thsi the walkout

iy related 1o the time dependent breakdown volitagwes ouserved ia lLagh velt-

(5}
age rectifiers.

1.5 Mizroplesma Noise

The degradation resulting from forvard bias stressing vas suggestive of an
avaianche breskdovn mechanism and, Tor this reason, a gsearch wvas made for the

random, rectsngular noise pulses krnown to accompany such breakdown. The
vdom,
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reverse current of the degraded diodes was found to have a large noise
ccaponent and, in about 10 per cent of the units studied rectangular

current pulses were observed.

In ges discharge physics, ‘the highly conducting regions of a neutral

gas are referred *o a8 a plasma and by analogy Rose 3 designated small,
highly conductive, regions of P-N junctions as microplasmas. Micro- 3
plasmas result from the presence of some defect near the Junction which
ctauses this lopal breakdown voltage to be smaller than the value char- ? éf;

acteristic of the junction as a whole. Consequently, as the reverse - {

-
voltage is increased above a critical value the microplasma goes into Fifi

avalanche and large reverse currents can flow, although the reverse ’ 37~

voltare is lcss than ihe true Junction breakdown voltage. The current

resulting from a single microplasma is piece-wise linear, and is given

by:

-
1]
~
<
]
<
o
e
o)
[¢2]
<!
v
<

-4
]

0 VvV <V
R

Here V0 is the breakdown, or turn-on, voitage of the microplasma and

; RS is a series resistance whizh limits the current through the avalanching

region. The current is, of course, superimposed on the normal reverse

current. of the rest of the junction. The resistance, R,, is the sum of the

SO
spreading resistance of the path leading to the small breakdown region and
(%)

a spece charge component. Microplasma breakdown is localized in regions

one micron or less in diameter.
\
It is found that once a microplasma breakdown is initiated,. it does not

continue indefinitely even though the ieverse voltage 1is held constant
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at & value greater than Vo FRather the current flows es a sequence of

(5,6

randomly spaced rectangular pulses '7). The pulses are characterized
by

Pyy - the turn on probability per unit time.

Pyp =~ The turn off probability per unit time.

The reciprocal of POl repregsents the mean time between pulses and l/P10
is the mean pulse length. The two probabilities are voltage dependent
with 901 increasing and PlO decreasing rapidly as the reverse voltage is

increased above VG' For overvoltages large enough so that P. . is very

16
small, the pulse length becomes very long, thc microplasma is turned on

almost all the time, and the noise component of the microplasma current

vanishes,

The circuit shown in Figure 11 was constructed to look for microplasma
noise pulses. The resistor in series with the diode provided a voltage
pulse across the oscilloscope input each time there was a current pulse
generated in the diode. The circuit was bullt inside a metal box to re-
duce pickup noise sand the signel wss carried to the CRO with shielded
cable. The shielding was not required for the smeiler series resistors,

but it was necessary when the 100 kilohm or 1 megohm reaistors were used.

The diodes which had been degraded with forward current were found to
contain an eesily measured noise component in the reverse current. The
maximum sensitivity of the oscilloscope used was 5 mv/division. Using
this sensitivity, the noise was best observed across the one megohm re-

sistor although it could be seen vhen the 10 kilohm resistors were used.
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FIGURE 11

CIRCUIT FOR OBSERVING MICROPLASMA PULSE NOISE




The amplitude of the ncisc was voltage-dependent. There was no noise

component for voltages belov the onset of the excese current and the
noise emplitude incressed rapidly with voltage above this levei. This
2oise wss observed to acccmpany the excess current in. the following

types of unit:

l. diodes degraded by forward bias stressing (both in units showing
pover law and critical voltage types of excess current),

2. diodes degraded by zero-bias, high temperature stressing,

3. units which had been sealed but not annealed or aged,

k. units of the type I and II in Figure 2 vhich showed traces of dam-

age remaining after annealing and aging.

The noise being discuased should not be confused with the generation-
recombination noise observed in all P-N junctions at all voltages, or
with 1/f noise, as these noise types are of much smaller amplitude and

require much more elaborate techniques for their observation.

Shown in Figure 12 are five separate traces of the voltage across the
1 megohm resistor as a particular diode was held st a constant reverse
bias in the regicn of excess current. The vertical sensitivity was 5 mv/
divizion and the horizontal sengitivity was 1.0 millisecond /divisiscn. If

the traces are numbered 1 through 5 starting at the top of the photograph,

4% is seen that trace 1 showed three pulses, trace 2 showed twc, trace 4

showed none, and trace 5 showed four, and the beginning of a fifth. The
curvature of the leading and trailing edges was caused by the charging of
various stray capacitances in the measuring circuit and it is seen that
the time constant was about 0.1 millisecond. As the 1.0 megohm load

resistor was in parallel with the oscilloscope, which also has a 1.0
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megohm input impedence, the ectual losa resistor was 0.5 megohm. From
the wbserved time c&nstant, the series equivalent stray capacitance ﬁas
‘BQQ\QEFofarad3; Because of the large time constant, the measuring cir-
cuit wo;iauﬁot respond faithfully to any pulse shorter than a few tenths
¢f a millisecond. This is the reason for the non-rectangular pulses in
trace 3, which shows a traia of closely spaced short pulses. In all the
traces, it is seen tiat there is a background component to the noise
rvuperimposed on the rectangular pulses. In many degraded diodes, the
background component was much larger than that shown in the figure so that
the presence of the rectangular pulses was obscured. The amplitude of the
current pulse required to give a 1.5 millivolt pulse across a 0.5 megohm
resistor was only 3.0 nancamperes. The total current in the diode &t this volt-
age was about L0 navoamperes. This particular unit manifested power law

excess current after the annealing and aging and did not require stress to

initiate the noise behavior.

Figure 13 shows the response of a different diode, with a more common be-
havior, which exhibited seversl setalof superimposed pulses. The vertical
scale was again S5 mv/division, and the load resistor wss 1 megohm but

the horizontal scale was 10 milliseconds/division. Except in the bottom

trace, several sets of superimposed puises are seen.

As the voltage across a diode producing rectangular pulses was increased,
the rectangular pulses were replaced by a uniform background of large
amplitude noise. This muy be the result of the superpesition of an encrmous
number of rectangular pulses. In most units only this bvackground noise

was observed, and no single set of pulses could ba resolved.
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f} The pulses observed in the degraded diodes and the microplasma pulses i
usuelly discussed in the literature had qualitative similarities and g
quantitative differences. The similarities between the two types of 1

. -

pulges were: ?
H .-

1. rectangular shape, §
2. all pulses in a single pulse train were of the same amplitude, §
]

3. pulses were of random length and there was 8 random interval be- ’ -
-

tveen pulses. 1

The dissimilarities were in the magnitude of the current pulses, which
are usually reported as being of the order of 50 to 100 microamperes in
the literature, and were of the order of 10 nanoamperes in the degraded 4
dicdes, The series resistance is usually reported to be approximately |
10 kilohms, while in the degraded diodes it was greater than one megohm. "

Conventional microplasmas produce pulses over a range of only one to four

volts above the turn on voltage. In the degraded diodes, pulses, appear-
ing to result from a single source, could be observed over a range of
more than ten volts. The most important difference for relisbility pur-
posee was that, while most conventional microplasmas do not shov &

decrease in turn-on voltage when stressed, the stress-induced microplusmac

in the degraded diodes shoved a continual decrease in VO with increasing

stress time.

For comparison, rFigure 1L shows the voltage-current characteristic of

a non-gold doped diode possessing & conventional microplasma. The ver-
ticsl gstep in current near Vo reflected the inability of the measuring
equivment (electrometer and X-Y recorder) to follow the rapid fluctuation .'  §§
in the current Jjust above VO. This microplasma vas not stress induced, | =
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but resulted from a manufacturing defect (diffusion spike or é g;oss
surface defect). The diode showed: pulses of a much higher amﬁlitude
(which could be observed across the 100 ohm resistor) than those of
the stress induced microplasmas. The quantitative.dissimilarities of
the two types of microplasma may be due to differences in size of the

region which is breeking down.

1.6 Light Emission Studies

-

The objective of these studies was to observe any light ﬁ;itted dur-

‘inB breakdown; determine the location of the lightksource; and to try

to obtain a correlation between the light emission and the nature of the
reverse characteristics oy the diodes. Initial studies were carried out
to determine the conditions under which light em;asion could be observed.
The diode pellets were removed from the glass envelopes and the silver
buttons were lifted. A micro-manipulator probe was used to establ;sh con=-
tact with the window area of the pellet, and a constant poverisﬁpply was
used to reverse bias the pellet. By controlling the current, rather

than the voltage, it was possible to operate well into breakdown without
danger cf the current running away and destroyinzg the junction. The biased
pellets were observed in a darkened room using a 60 power binocular micro~

v

accpe.

Light emission was first observed from a number of degraded dicdes at re-
verse current levels of 4 or $ milliamperes. In these units, the light
emigssion corntinued for a few mirutes, or a few hours at most, and gradually

faded cut. Tne opticel arrangement used in these initiel attempts was not

suitable for obtaining photegraphic records of the emission and the man-
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nification ves not high enough to permit observation of the light at
lover current levels. Therefore, in subsequent work, the diode pellets
Wire wounted on transistor headers and a one mil-gold vire was bonded
to the P ragion to provide the electrical contact. This made it pos-~
sidle to use the nmetallurgical microscope to observe the emission at
Bagnifications as great as 800 and to photographically record the re-

sults,

When the technique had been astablished for observing the light emissior

from the diode pellets, & systematic evaluation of : series of diodes

- vas initiated. Twventy-three diodes vith various hisicries vere selected,

all of them degrsded. The reverse characteristics of these diodes vere
Reasured; the pellets removed from the glass envelope and the silver but-
tops removed; the reverne characteristics were measured again using the
probe; the pellets wvere mounted on the transistor headers with a wire
bonded td the P region; the reverse characteristics vere measured once
more. Of the twenty-~three pellets, thirteen vere damaged in handling so
that ten were exsmined for light emiasion. Table I lists the diode num-

ber, diode type and the type of degradation:

TABLE I

DEGRADED DIODES FOR EMISSION STUDIES

DIODE DIODE TYPE TYPE OF DEGRADATION
' STRESS

A2, A3, A<k | Gold Duped 500°C, O Bias

A-5, A-5, A-8, A-9 Gold Doped Forvard Bias

a-13, a-16 Gold Doped Never Annealed

523 ' Bon-Gold Doped Forvard Bias
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Light emission was observed from eight of tlie ten diodes. All tive

of the forwvard bias degraded diodes emitted light. For four of these

O el s

Y

five diodes, the light emission was observed ae a continuous ring coin-
dident with, or close to, the junction. The light emission from the ! t
octher diodes appeared to come from discrete spots naar the metallurgical

Junction.

-The light emission from several of the diodes was photographed and
Figure 15 is a photograph of the emission from diode A-3. The exposure

time is unknown since the shutter was left open overnight end the emiscion

© e m———

ceased sometime during the night. The picture was taken with 4 millism-

peres of reverse current through the diode and with approximately 200 X

. ——————

magnification. A well defined ring of discrete spots is visible. ! i

The light from diode A-B vas emitted in & continucus ring. This ring vas
bright enough so that it wvas possible to photograph it simultanecusly

% wiln a dark field photograph of the pellet surface. The photograph is
showvn in Figure 16, vhich vas a ten miuute ~xposure vith 2.5 milliamperes
of reverre current through the diode and vith an approximate megnification
of 400 X. The edge of the vindovw is clearly visidble, as are the etch spots

vithin the vindov. The irregulsr dbright ring st the edge of the picture

corresponds to the location of the edge of the si’ver button. The lesc
bright -ing concentric vith the vindov edge is the light eaittied bty the

diode, Tre digtance of this ring from the vindov edge vas measured uxing

& reticle cyepiece or. the microscope and found to te between 3 and © microns.

Thia vas ciose to the expected location of the lunction at the diode sur-
face, Figure 17 is a photogreph of diczle A-2 vith a one hour exposure and
with 1 milliampere of reverse current through the diode. The ring «f Jis-

crete points of light is cleariy visibtle.
13




DISCRETE LIGHT EMISSION
FROM DIODE A-3
FIGURE 15

CONTINUQUS LIGHT EMISSION
FROM DIODE A-8
FIGURE 16

~
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DISCRETE LIGHT EMISSION
FROM DIODE A-2
FIGURE 17
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An sttempt vas made to determine at what current level the light emission
first became visible for three of the diodes. The lowest current at

vhich any sample was found to exmit was 10 to 15 microamperes (dicde A-0):
Diode A-2 emitted down to 35 microamperes, wiaile A-5 emitted down tobat
least one milliampere. The emission gradually faded out and the'cﬁirents
were determined by the viewing condition§ vhich prevailec during»thé ex-
periment and must be considered onily as upper limits. If these currents
are converted to voltages, using the current-voltage characteristié curves
for these diodes, it ig determined that the lowest voltage at which emis-
sion was observed was 80 volts. All of the sources of light which were
observed appeared to exist at or near the surface of the pellet, as indi-
cated by several considerations. First, thé light sources appeared to be
in sharpest focus when the surface itself was in focus. The microscope

is cspable of discriminating to within about one micron in depth by ad-
Justing the focus. Second, the light sources appeafed to be whitg or
Yellow, whereas, if they had originated at any considerable de?ﬁh’ﬁithin
the silicon, selective absorption would have resulted in & ;ed éolor. “in-
ally the fact that the emission occurred very close to the expected inter-

section of the Junction with the surface woulé also indicate that the emis-

sion is a near-surface phenomena.

1.7 Etching Studies

The objectives of the etching studies were twofoid. The first ob’a2ctive
wna to determine the effect of surface e¢iching on the light emission from
+the diode; and seccnd, to observe the effect on the reverse characteristies
of degraded diodes as the oxlde and silicon were progressively etched away.

Four of the diodes which had previously been cbserved to emit light were
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selected for the first etching experiment, A-3, A-8, A-9, and A-23.

Each of these diodes were etched in HF for one minute to remove the

oxide surface layer and then were exam‘ned under reverse bias for any
changes in the light emission. Diode A-8 was obaerved to be emitting light,
but the character of the emission changed from a continuous ring to‘a ring
of discrete point sources of light. This is illustrated in Figure 18
wvhich contains two photographs of the emission, before Qn@faf%ér'the etcﬁ-
ing. Both of these photographs were made with the same reverse current
through the diode and with the same exposure. By reducing the current
through the diode, while watching the emission through the microscope, it
wag possible to observe the emission at currents as low as 10 microamperes.
The results obtained for A-9 were essemtislly the same as those for A-8.
The A-23 diode appeared to be damaged by the etching, with cracks sppear-
ing in the silicon. The only emission seen after etching was one bright
spot weil into the window area. The A<3 dicde lead wire was 1.2% during
the etching process and it was not possible to study the emission after

etehing.

The fact that the cheracter of the emission was changed by etching of the
oxide, for both A-8 and 4-9 indicated that the eﬁission was a surface
phencmena. The foct thet the emission Caring breakdown changed from a
continuous to a discrete distribution will be useful evidence in formu-

lating & physical model for the breakdown process,

In order to carry out the experiment in which the effect of etching on
the reverse characteristic wae observed, it was first necessary that a
technique of etching and cleening the silicon surface be developed. Con-

tamination of the surface, especiully with adsorbed moisture, can seriously
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a) Before Etching of Oxide b) After Etching of Oxid:

EFFECT OF ETCHING ON
LIGHT EMISSION

FIGURE 18 b

38



degrade the diode reverse characteristic.

The first diode on which significent results were obtained was A-6.

The reverse charscteristic curves for this diocde both before the dé-
gradation and after the surface etching are shown in Figure 19. This

diode had not degraded appreciably under the forward bias. However, after
etching the reverse characteristic was somevhat improved over the original),
undegraded diode. The procedure followed in etching this diode involved a
one minute etch in HF, followed by & two second etch in Ioding-B;.and &
quench in distilled water. The diode was then»finsgd\ln flowing het (2000?3
distilled water for 10 mwiaute sud ao&ked?ihiacetone to remove #he‘surfacé‘
water. The dicde wa&b;;Qb;i vhile :still Qet withfacetone:andﬁthé reverse
cbaractgristic wag measured whenliga auétoné’drie&. The surface was flush-

.ed with dry oxygen during the measurement to minimize the surfsce moisture.
I" - 3 -

‘Although this procedure vag subsequently followed with several wthar diodes,
in no case was it possible *o reduce the fe;urse current Eélov the degraded

“level, ac had beep_observed with A=t Fbﬁi nnre diolce vgre‘dagraded on
forward bias, thelr ceverse characteristics being mea&uréﬁbﬁﬁfere ;nd after

degradstizu., Ths puilets wers removed from their envelopes aud mounted

- on transistor headers. Two of the four pellcts were damaged in the process.

The twe remsining dindes, B-2 and B-6, werr eiched following a procedure

sinilar to vhat described uabove, bu&‘vhiéh_included one additional step.

After the etch in lodine~B the diode surface was scrubbed with a detergent

golution {alcorox) before rinsing in hot distilled wster. Instead of using
acetone as the diying ageat, ethyl alcohol was used. The results obtained
are illustrated in Figure 20. The reverse chsracteristics for the degraded

diode, B-2. are shown both before and after 2tching. As indicated, the
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- @tched diode vas observed to have & significant dacrease in reverce

Surrent cospared to the unetched diode. However, only a part of the

degradation vas relieved by the surface etching. Whether this imrlies
that only @ part cf the overall degradation is a surface effect is an
open question. It is possible that part of the remaining reverse cur-: '
fﬁ' rent vas caused Ly surface contamination and could be eliminated when l

better cleaning procedures are developed.

At the present time it has been shown only that a part .f * e degrada-
tion is due to surface phenomena. Future effort will attempt to ans-

ver the question of vhether or not the remaining degradation is also

!

& surface effect. The approach will concentrate initially on attempts
10 determine whether forward bias degradation can be totally relieved
by surface etching. This will involve attempts to assure that surface
contamination is not contributing to the observed reverse current after

etching.
1.8 Hest and Pressure Effects

Diodes which were constructed by mcunting pellets on transistor headers
did not degrade spprecigbly under normal forward bias conditions. These

diodes vere entirely similar to the standard diodes used in this study

except that they had uct been sudbjected to the heat and pressure encount-

ered in the sealing process. Therefore, the temperature and/or pressure

of sealing wes suspected of producing changes in the pellet wvhich led to
failure vhen the diode vas stressed with forvard bias. A small testing
= Jig vas constructsd to subject diode pellets to the sealing conditions and

yet permit recovery of the pellet for mounting on 8 t-ansistor header for

further testing. The pellets vere held between the polished ends of two

b2
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quartz rods. A movable neating coil wvas then placed around the rods,

over the pcllet, and hest and pressure could be upplied as desired,

Several pellets were exposed to the normal sealing temperature ané tvice
the normal sealing pressure and then mounted for tect. Several other
pellets vere hested without pressure for comparison. MNessurements of
reverse characterisztics vere made on seversl pellets Irom each group
immediately after treatment. Those which had been subjected tc tempera-
ture only showed a slightly degraded characteristic at high reverse vblt-
age, but this increase in current disappesred if the pellet wes lllmmd
to r.mai. at rocom temperature for 30 mirutes. The diodes which had hoth |
temperature and pressure exerted were quite erratic im their ruct_ion

to the stresc. Some were highly degraded -ith walkout characteristics
while others showed little or nc degradation. Those with severe degrs-
dat:on vere only slightly recoverasle vith & one hour heat treatment at

300°z,

Aft=r wo. 'ting on transistor headers, pellets from both groups were sub-
jected to forvard tims {C.2 amps st 180°C). The four diodes whick hed
been heatszd only shoved very little movement after four hours of this
stress. One improved alightly, one degraded a little and two did not
changs. This behevior is typical of untrested pellets op transistor
hesders. The five diodes which had been exposed to both hest and pres-
sure reecied juite differently. One remained constant vhile another de-
ecaded glightly. The other three shoved sharp degradation of the re-

verse c-aracieristic after fcur bours &t 0.2 amperes and 180°¢.

The forvard voltage drop st 100 miliismperes vas measured to see if

b3
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those devices vhich failed had a high pover load during forward stress.
. Thosge pellets vhich had been heated showed no difference from untreated
* samples. The diodes which had seen both heat and pressure had a higher

&verage forward resistance.

It was concluded from this test that the pressure used in preparing
glass encapsulated diodes can cause damage which leads to failure when

the diode is subjected to high temperature aﬁd forward current.

1.9 Screening Procedure

The fact that a fraction (approximately ten pér cent)%bf the diodeé de-
grude very alowly (if at all) under moderate forward ﬁias stresses in-
dicatea that the develcpzant of a non-destructive screening process to
find these units yould b; desirable. At first, inspection of the diode
initial condition was considered as a possible screening procedu;e. How-
ever, the initial softness of the diode is not a consistent guideﬂtb be-
havior under forward bias stressing. That is, diodes I and II in Figute
2 will not necessarily degrade more rapidly under forward blas stress |

than diode III.

Because of the differing response rate bto forward bias stress, it is pos-
sible to use a moderate stress tc separate the slovwly degrading from the
repidly degradin. units. A preliminary test of the idea was made by
stressing at a forward current of 200 milliamperes and an ambient temp-
erature of 180°C for two hours. Following this, the diodes were further
stressed at 150 milliamperes and 1250‘ “5>r a week. As expected, the diodes
which degresded rapidly oa the first test continued to do so at the lower

ievel, while the units which were most resia*i: to the higher stress:

»
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contirued to be at the lower stress. The result is that a fairly
rapid high temperature tes! can be used to select diodes which will

be most resistant to long term degradation under forward bias stress,
The amount of degradation for most units under the high tempersature
stress is small enough that the test may be considered non-dzetructive,
The forward bias deterministic model test plan will provide fuch more }

iniormation to evaluate the screening process.

1.10 Summary

The degradation patterns which were prezsent following the sealirng pro-

cess, forward current stress, and lLigh temperature storage &t zero bias

vere identical. These patterns included an excess reverse current with
& characteristic dependence on measuring voltage, microplasms light

emission, low amplitude microplesma noise pulses and walkout. This de-

gradation was found, after stress,only in those pellets which had been

exposed to t! - temperature and presaure of the sealing process.

Cr the varicus failure mechaniams proposed in the previous seaiannual re-
port, the chemical degradation of the transition reglon betuveen the sili-
cer and the silicon oxide resulting in localired regiong of lov btreakdovn
voltage vas 308t likely to nccount for the present failure modes. With a
Eglsuring voltage, VR‘ the total excess current cauazed bty sicropiaszas

vas:

g~ ¥ . /R

&
r«*”;’

vnere V, &nd Ri vere the turn on volitege and the series resistance of the

microplasma labelled {, and the sum iacliuded -1l microplasmas vith V.  less
rS
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than VR. In the cases of diodes showing no excess current beiow a well-

defined critical voltage, all the Vi were larger than or equal to the

eritical voltage. This corresponded to the situation where iight emis-

sion was confined %o a single spot or a few spots. If there were éwlarge

Dumber of breakdown ragions, as in the cases when a continuous ring of

light emission wes observed, the sum in the expression’for the GfR:éould
.

be approximated by an integral. If all the microplasma were taken to

have the same series resistance
v

R v_~V
I=°ff(v)_5___dv ' o "

where f(V) is the distribution function for the microplasma breakdown
voltages and f(V) dV is equal to the number of microplasmas breaking down
betweei V and V + 4v, If, for example, f(V) was teken to te a constant,

independent of voltage, it was found that

2
IR = f VR /2R

This showed that a square law excess current could result from'é éuper-
position of many currents each of which was piecewise linear in voltége.
o

If £ (V) was not constant, tut increased with’increasing»voltage,vthé ex-
cess current would increase more rapidly than the second power of the re-r
verse voltage., In this model, power law approximations for the excess re-
_verse cufrents were not fundamental, but were the result of a particular
superposition of microplasma currents. For this reason, the diﬁtribution
of exponents shown in Figure b would be the result of various distribu-

tions of microplesma breakdown vcltages at e~ack ‘*age of stress and re-

covery.

Walkout can be explained as the gradual increase in turn on voltage with
Lo




time mfter a microplasme was turned ou for the first time. Inspection
of the reverse characteristics after walkout did not indicate & major
increase in series resistance accompanying walkout. Thus,.the primary
stress “erendent variable of an individual microplgsma wa.s tﬁe turn on
voltage, which decreased with increased stress time. The‘walRSﬁt phen-
omenon was an iacreasein this voltage caused by thé electric fields and

local heating accompanying the initial breakdown of the microplasma.

The large excess currents resulting from forward bias'stressiig cannot
te explained simply by an increase in the surface generation rate but
require a more effective conduction mechanism. The most likely mechanisnm
is the avelanche breakdown of small regions located where»the:Junction
intersects the silicon oxide layer. The effect of the sealiﬁg heat and
pressure is to disrupt the transition region between‘the.éilicon and the
silicon oxide. This includes the generaticr of dislocations in the
silicon and, perhaps, small fissures near the iqtenface. The resulting
increase in the mobility of impurity species is beliéyed-to‘bgig require-
ment for the device to be susceptible to forwarﬁ?bias degradﬁtién. It is
for this reason that the pellets mounted on trensistor headers which have
not seen the sealing process are degraded mﬁéh less rapidly than the fab-

ricated diodes.

The chemical process occurring during stress to produce the microplasma
regions is uncertain. Because of the presence of gold, phosphorus, boron,
oxygen, and trace impurities such es sodium, in addition to silicon, the
number cf conceivable reactions is lerge. The possibilities are compounded
by the presence of a disrupted lattice in the transition regiog. However,

the occurrence of forward bies degradation in the non-gold doped diode

L7




shows that gold is not required fog the process. Recent work on the

interaction of gold and phosphorus impurities in silicon (B)Show: the
potential, as failure mechanisms of solid state chemical reactions in

silicon.

The high electric fields needed to produce avalanche breskdown at the
silicon - silicon oxide interface requirg the width of the silicon épace
cherge layer to be much narrower at the interface than in the gulk. At
the interface the Junction will be of the P+ N+ type rather»than the

P+N Junction characteristic of the bulk. The electron concentration at
the surface can be increased over that in:the bulk eithéf ¢hemically, by
the addition of donor atoms at the surface, or electric;iiy,‘by the for-

mation of pbgitive ions in the silicon oxide.

The results of the high temperature, zero bias experiments indiéate that
a straightforward diffusion is not involved in the‘degradation as the de-
cradation can be reversed by cooling the diode slowly rather than quench-
ing it. Thie effect is compatible, however, with a model based on high
tempersture dzccaposition of a compound into components, at least one of
vhich is active in increasing the surface electron concentration; Upon
quenching, the components remain separated, but slow cooling results in
their recombination and the rzcovery of the liode. Another possible,
though less likely, explanation of the slow cooling experiments fs q de~

crease of the residual stress in the pellet resulting from the zunealing

of the glass encapsulation.
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SECTION 2

FAILURE MECHANISMS AND ANALYSIS

2.1 Physical Nature of Failure Mechanisms

2.1.1 Type A-Surface Defects

Most failures of this type are attributed to inversion layers or accumu-
lated surface charges on the junction. Reverse bias voltages, such as
‘those applied in polcuization tests, will set up surface fringe fields
across the junction similer to those in & parallel plate capacitor. The
fringe field can then line up dipole atoms or ions on dielectric silicon
dioxide surface or within the paseivation layer so that (-) charges face

the cathode surface and (+) charges are aligned facing the anode.

Anode P Type .

-Lathade N Type

+

L—-Illl]:—-—

As the sketch shows, the + charges lined up on the anode side of the
surface will electrostatically attract electrons froe the bulk. The
accumulated charge mey build up sufficiently at the surface to cause
inversion of the "P" material to "N". A similar effect of opposite po-

larity can take place on the cathode surface. Note that when the inver-
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8ic. layer grows to meet the anode contact, a direct path from the
anode to the cathode exists. Under reverse bias, ‘this narrow sur?hcé
channel effect:vely becomes thinner and eventually pinches off'as:the
Bpace charge region gets wider with voltagé. This effect gives the re-

verse leakage characteristic a high saturating type of slope.

Since the mobility of the charges under the electric field will 'in-
crease with temperature, the Type A failure mechanism is acceleréted when
voltage is applied under high temperature conditions. Units with Type A
behavior can usually be completely recovered by heating withcut bias. The
heat apparently serves to redistribute and disperse the aiigned charges

so that the unit recovers to the original characteristics,

If the oxide condition, or internal ambient, is such that the surface po-
tential under thermal equilibrium conditions is extremelj on the "W" 'side,
a device may have low leakage before a high temperature test but will de-
velop a Type A leakage characteristic as charges align to their equillbrium
"N" condition under high temperature. In this case, both the surface po-
tentials will have shifted toward "N". Thus, an "N" inversion and an N+
accumulation will lead to Type A leakage, together with a reduced or de-
graded breakdown voltage (now determined by the N+ resistivity). Measure-
ment of the breakdown voltage after power tests, or other tests applying
reverse bies to the junction, have maximum, values determined by the bulk

resistivity or junction defect spots. This occurs because the cathode

tends to be pushed toward "P" or high resistivity "N" by the reverse bias.

2.1.2 Type B-Bulk Degradation
Tﬂese units are us-ally characterized by a relatively high leakage at high
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reverse voltages, At voltages of one volt or iess, leakages méy’be’ :
low (0.5 nanoemperes or less) as compared to Type A rejects, which
range upward from 10 nanoamperes at low'yoltages. It haq_alsg been
found thet these units are relatively unrecoverable by heatingu, Some
improvement is often-seen but this improvement is insigﬁificant.when
compared with the 3 to 5 order of magnitude seen Qith Type A relects.
Since the breakdown voltages of these rejects is frenﬂontly,Qeg;aded,
it was at first believed that the rejects could be due to an’iN?‘type
condition induced on the cathode surface, whiéh would in turn dgcrease
breakdown voltage. However, the relative "stabilify" ageinst recovery,
together with an occesional tendency to degrade even further on break-
down woltage drive, leads to a speculation that the degradation is due
td some' change in the bulk; a crack or micro-alloy point through the
Junction. Ifba high leakege point exists in the Junction,'é'high power
test cen result in point current density concentrations which f‘nal&y
lead to a runaway condition at the ﬁbinﬁ in question. Dead shorte may

be a severe form of Type "B" runaway.

Visual examination of Type B units frequently reveals the location of a
bulk defect or failure. For example, visible "hot spots" under the
alloyed contacts have been found, indiceting where high current concen-

trations developed during the test periocd.
2.1.3. Type C and D - Bonding end Packaging Defects

The main mechanical feilure mode for this. design is an increase of the
reverse leakage current due to partiel shunting of the junction by the

anode contact. When the device is fabricated, excessive pressure or poor
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Parte a)lsnment during sealing may result in deformation of the glass
and/or anode button such that the anode heatsink comes in contact with

the edge of the pellet. Direct shunting of the diode does not necessarily
occur at this time, as the passivation oxide electrically insulates the
anode contact from the cathode pellet. Dicdes with this internal "near
shunt" have been found to fail when subjected to two different stresses.
First, vhen subjected to mechanical or thermal shock, the anode may\break
thrquh the insuleting cxide layer and shunt the ancde directly to the ca-
thode. This results in & catastrophic increase i. the reverse leakage.
The second sensitive stress condition is s high temperature storage, such
as 200°C, As the cathcde is only separated from the anode by an oxide
layer 10,000 angstroms thick, a smell amovnt of moisture or mobile surface
icns can easily bridge this short path and result in & slight, chough nct

catastrophic, reverse leakage current increase,
2,1.4 Type E-Improper Measurement Procedures

Type E failures are frequently identifiable from visual evidence of un-
usual situstions such &s melted material. This class of failure generally
regults from an error in handling, an error in test equipment accuracy or
calidbration, or transients in the test equipment. An analysis of the cir-
cuitry involved generally reveals that the visually evident failure would
have been impossidble to obtain if the device had been properly connected

to a circuit in good operating condition.
2.1.5. Type F=-Thermal Oversiress

Failures in this category have been traced to mild and severe overhesting

conditions beyond the physical limits of the materials used to fabricate
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the device, These failures are found to be of two distinct types. One
type is caused by a thermal fatigue condition where very slight alloying
or diffusion of the materials occurs. This type is characterized by a

mild increase in reverse leakage current. The other type of failure occurs

due to a thermal runaway condition which ceuses gross alloying of the de-
vice materisls and causes a dead short very similar to some of the E type
fpilures. Both types of thermal overstress failures are generated on tests
considerably above maximum operating conditions and do not represent an

acceleration of an existing failure mechandism.

2.2 Failure Mode Chart

The next several pages contain a Failure Mode Chart which has teen developed
to define and illustrate failure mode categories, failure mechanisms and
failure causes. The chart also shows the most likely failure indicator and

the stress which geuaerally causes the failiurc. The failure code shovn in

the charts is used in all the Failure Analysis Reports.

4 The Failurs Mede Chart was developed to cover all the possible failures ©f
f.; the diodes and thus contains some failure codes which have not been observed

in this program.
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2.3 Failure Analysis

The feilure anelysis studies have been completed for twenty-one of the
diodes which fuiled on the various stress tests. The diode serial num-
bers, the stress and the failure mode code are all summarized in Table 2.

The failure mode code is defined in the Failure Mode Chart (paragraph 2.2),
2.3.1 Type A-Z2-a Failures

This is the largest category of failures (52.&%5. A1l diodes in this
group degraded by a scftening of the reverse leakage characteristic after
stressing under forward bias and high temperatures. Figure 2 1 shows the
veltage-current characteristic of Diode #59 which is typical of thie group.
The reverse leakage current degradation at low measuring voltages is rel-
atively slight. At increasing voltage levels, the excess leakage current
becomes progressively higher. At the high level measuring point of 50
volts, the leakage increase may be as much as several microamperes. Near
the avalanche breakdown of the device, leakage may be in the milliampere
range. Type A-2-a degradation may be attributed to either surface changes

or to bulk diffusion effects.

The surface accumulation mechanism was discussed in detail in the Second
Technical Documentary Report(gz and shoved that positive ions located in

the oxide may diffuse to the silicon-silicon oxide interface on the N side
of the diode junction due to the action of the forward bias electric field.
This field, extending from the silver button to the silicon beneath it,
amounts to approximately TOOOV/cm in contrast to the high intensity opposite
fields (in the order of 500,000V/cm) which can be produced by reverse biases

such as 70 volts. However, mobile positive ions such as the alkali metals
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TAsLE 2

FALLURZ SULIATY

N - —

FAILURE SERIAL SUB PERCENT
MODE NUMBERS TEST FAILED TOTAL | CONTRIBUTION
59,60 1,=50 ma, TA=1000C
73,74 " 50 ma,  150°C
A-2-a 61,62,63 100 ma,  100°C 11 52.4
T2 100 ma,  150°C ‘
83,84,85 125 ma, 100°C y
B-2-a 58 I.=100 ma, TA=lOO°C 1 L8
F-1-a 86,90 I,=450 ma, Vp= 30V 5 23.8
87,89 Vg= 30 V, T,= 150°C '
88 T,= 200°C
)
F-2-a 57 Vp= 0.2V, T,= 75°¢C
79 IF= 1 ma, TA=150°C 4 16.0
80 Vg= 30V, TA=12S°
82 1= 125ma, TA=lOO°
TOTAL 21 160.0




in Velts

FIGURE 21

REVERSE CHARACTERISTIC CURVE

TRACE OF FAILED DICDE




€an be moved and accumulated at the interface even under low intensity"
fields. & positive oxide accumulation will result in an equal and opéosite
Surface accumulation of conduction electrons in the silicon. This N+ type
8ccumulation will narrow the junction space charge at the surface and may
result in non-uniform sites with low voltage avalanche. If accumulation

is heavy enough, space charge regions thin enough to support a tunnelling

mode of reverse conduction will result.

(10)

The bulk diffusion mechanism described by Henning and Miller involves
reverse current softening by diffusion of metal from surface contaminants,
or contacts, into junction dérect sites. The conteminants will precipitate

interstitially. Very high fields at the sites of the precipitatidn will

~8gain result in a tunnelling mode of excess current.
2.3.2 Type A-2-a Recovery Tests

Field generated surface space charges describéd by the firétjfailure-mech-
anism should respond readily to high temperature bakeouts. If mobile ions
have bcen separated by electric fields and high temperatufe, théy ghguld
recombine when the external bias .geparating field is removed and temperature
alone is acting. The recomtination of oxide ions should produce recovery of

the low leaksge.

Henning and Miller characterize the reverse softening degradaticn by diffu-
ior, as a “smperature activated mechanism which is independent of the source
siorn =as P p
f tomoerature {(whether it originates from a high ambient or from power dissi-
o! tempara \
'pation {r, +=r junction). The implication in this work is that diffusion de-
gra e A=vices will not recover under bakenut but will remain unchanged or de-

U

»

6L



Bakeouts of the failed units were found to have a slow recovery eff-

ect. The degree of recovery tends to be complete at the low measurirng
voltages and is slower and less effective at higher voltage levels. Diodes
baked at high temperature for long periods to obtain virtually complete re-
covery will still have breakdown regions softer than the original characier-
istics. A summary of the vrecovery bakeouts performed is shown below:

TABLE 3 - .RECOVERY BAKEOUT SUMMARY

Bakeouts Pellet 1 Recovery
Serial Numbers Temp. Time Ambrent ag 50V At breakdown
60, 61, 62, 63 220%C 90 Hrs. glass complete s0ft
enclosed
73, 83 200°C | 136 drs. | glass 95% soft
anclosed
T2, Tb 200°C | 16L Hrs. Air 80% soft

The last two diodes were measured and baked in air after removal of the

pellets from the glass encapsulation. Air exposed dioles showed nc tendency

to recover faster than encapsulated diodes. Transistor experience indicates
s X s , . {11,12)

that surface degraded by electro-positive oxide accumulations tend t

recover more readily in air or oxygen than in nitrogen. Thus the lack of

Kineti¢ response in air tends to support & bulk failure mechaniem.

To summarize the observations based on hakrecut! behavior:

[

xind of surface mechanism.

.3

The slcowness and incompleteness of this recovery suggests, at least,

fos

the partial effect cf & diffusion rechanism; or it may suggest & surface
mechanisxz caused not by separation ~f mobile :ons in the oxide, but by

an invrease in Jdensity of backgrcurd positive surface states
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such as those normally found in clean, icn free, thermelly grown oxides.

The surface stete incresasez may be relatively irreversible and mey be
activated by current flov and temperature rather then by temperatuie

aloue,
2.3.3 Reverse Voltage - Current Characteristic Tests

sate the nature of the excess current in both both the forward
and rever.e directions, piots ot the voltage-curren. cusracitsrisiics were
made for four A-2-a degraded and undegraded diodes. A comparison was

then made between these curves and equation constants reported in the lit-
erature, Figure 22 is the log plot of reverse leakagr for determining

M . .
the power constant M in the equation = KV . Table i summarizes .ic<

Iy

condition of the diocdes and the values of M,

Diode Pcwer Constants

Unit Number Condition &V ¥ 15 Volts 4% ¥ 20 Velts
28 Rot Degrad=d .25 Increasing
29 Not Degraded L35 Increasing
8L Soft Degraded 1.22 .2
8s Sort Degraded ¢.o2 L3

The low vcltage pover constant ¥ for three of the devices cither approxi-
mates the 1/3 value which is expected for reverse leakage from space charge
generation in a diffused-graded fuaction cr is scmevhat lowver Tor the Twe
devices with higher leakage levels at 10 volts. Low M values at the low
voltages are probably surfece effects due to space charge nfluence ty the

silver button field plate capacitor.
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Diode number 84 exhibits a different leakage mode with & large excess

‘urrent increment increasing a&s the 1.2 power of voltage. This relatisn
WAy be representive of a tunnelling mode of a different source from that
occurring at higher volteges. An ohmic leskage component {with Msl) may

also be responsible for this beravior at low voltages.

Above 20 voits the reverse leakage current increase with voltage, for
the non-degrated dicdes, follows a rapidly increasing non-gatuvating
pattern which is probably due to mul*.pi.cation or generation in the high

defect density sub-epitaxisl region as the space charge region punches

into it.

The two degraded devices exhibit large currents at higher voltages far

in excess of the norma. generation current sees in undegraded diodes.

The voltage current relation is aspproximately IR = KVS; this being com-

pictely consistent with the power law relation reported by Goetzberger

(13)

and Shockley for tunnel currents generated by high field regions

in junctiors having metal precipitates.

An extrapolation of this tunnel curren* to lower voltage levelsr(?—3 volts)
vill give un insignificantly small leakage component. Tunnel site genera-
tion is thus completely swamped out by space charge generatict and other

p. hauisms sctive at low voltages.

Measurements made at lov temperatures should more clearly define these
currents since space che:ge generation components should drop off much
more rapidly vhen :h: tunnelling componente. Such measurements are heing

zade, but have not been campleted at this time. -
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2.3.4 Forward Current Characteristi: Tests : 4 P

Figure 23 provides e plot o. forward current versue bias for the same
diodes that were dji.cusaed in parsgrarh 2.3.3. A good strzight line £it
was ottained on semi-log pap: > “or both degradcl aud non degraded diodes.

oy |
e - 1) fits

both good and degraded dicdes. Any peower law component due to tunselling

The standard forward dias equaticn of the type Ip=1 {

41}

is svamped out by injection. Excess current {which would result in b,

Ve

degradation in an emitter Junction) is seen in the forward direction for
degraded diodes, with no change in thes vajue of o = 2,0, Axr increase in

n is reported for field emission junctions by Henning and Miller. 1In
summary, reverse leakage measurements of softened dicde junctions have char-

acteristics assocliated with tunnellins; this being especially evident st

higher vcltage measurements. Forward current measursments show excess cur-

rents not necessarily associated with tunnelling.

2.3.5 Type F-l-a Failures

A failure pattern commen to five diodes (#Sf through #90) was noted at 6000

hours for diodes in the long term life test series. These diodes had been

stressed as listed below:

86, 90 Rectifying-1p = i5oma, Vo = 30V, T, = 25°
87, 89 Reverse Bias - T, = 150°C, Vp = 30V
88 Storage - T, = 200°¢C

After measurement cn thc automatic readout equipment, all five dicdes showed
severe reverse leakage current degradation. Figure 24 shows the voltage~

cufrent characteristic of unit 86 as 8 typicsel example. The reverse leakage

current is reiatively flat from O to 8 volts (5 microamperes) and then sharply
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Units #84 and #85 vere degraded.
Units #28 and 29 vere undegraded.
Units #84 and #85
t #28
Unit #29
f;« -
v !
B \ 1
g 100 b = -! —
& 9 I, =1 e -1
g - F s i
a ] n = 2.0 for both types of diodes \
4 s a
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increases to a value cf 25 milliamperes at 33 volts, finally tapering off

in & negative resistance switchback at high current levels.

This characteristic is identical to that repcrted for diodes which are

pulsed in curve tracer analysis under extreme reverse breakdown conditioms,

such as 25-35 milliamperes and 140 volts. This is equivalent to a dissipg-
tion of 300 milliwatts peak per square mil of junction area. This level of
power surge is reported to result in a secondary breakdown type of buik

Junction degradation almost identical to the reverse characteristics seen in
these diodes. Diodes pulsed at high current levels in the forward direction

degrade as dead ohmic shorte in cortrast to the observations above.

Exsmination of the last readout data (6000 hours) shows that normal reverse

leakage current readings were obtained initially, significant decreases of
about 5% were recorded in the subsequent breakdown voltage readings and some
decrease was also noted in the forward voltage drop. The final, repeat check
of reverse leskage current at 50V (which is taken to check for measurement
transient and anomaly effects) then showed the diodes had severely degraded

during measurement; most probably during the breakdown voltage tests.

This fact. combined with the previocusly noted similarity to diodes over-

stressed in the breakdown voltage avalanche mode are clear indications that

some type of high power transient pulse had occurred during the breakdown ;

voltage measurements.

One element of the data did not allow the assignment of a categorial "non-

legitimate" failure cause to these failures. All five failures originated

from one particular pellet lot. At the time of test measyrement, equal

number s dicdes from six different lots were tested identically in mixed

Tl
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fequences. The transient pulse condition resulted in failures only for
tbe one diode lot. The implication exists therefore, that this diode

lot vag nore susceptible to abusive stresses than other average dio&hg;
Perbaps because of non-optimized construction characteristics. Onltgis
basis, the railures were assumed to be legitimate with an F-l-a éode,

and investigations as to the degree of overstress needed to trigger fail-

ure vere started.

The breakdown voltage measurement circuits have a built-in curren£-limit-
ation, a 100 kilohm resistor in series with each diode being checked. |
Thnl; even if poor or intermittent contact resistances allow the sweep
vcltage to build up to its maximum value of 700 volts DC, the_resulting
pulse, vhen contact is re-established, cannot exceed 6-7 nilliamperes.
This level is still approximately four times lower than the stress fail-
ing & "normal" unit. Diodes with low breakdowns may be suspecte&'Eo be

more susceptihle to this failure mode for two reasons:

1. A transient voltage spike will produce a higher current level in the
lov breakdown diode.

2. A low breakdown device may be one in which the junction is in very
close proximity to the sub-epitaxial region. Any destructive spike
tending to warp the Junction downward will punch into this region more

readily. Subsequent sectioning to check on the geometry did not sub-

stantiate this explanation.

A statistical compilation of breakdown voltages was made for the six pellet

lots. The compiliation showed that the one pellet lot contained the lower

breaxdown voltages, but the difference in voltage from the other five lots

i i ive g ilure.,
was no% significant enough to assign this as the exclusive cau e‘of failure
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Several experimental diodes were fabricated with a variety 6f button materialsa
and it vas determined that the degradation was not related to migration

and alloying of contact metal into the junction., The characteristic shape

of Figure 24 can be explained by an induced junction defect resulting in
current hogging in the defect areas. The sketéh shows a cross séction of

this type of defect.

P
é Pipe Defect ‘J N Epitaxie,i Layer ;

{ N+ Substrate %

A defect pipe contacting N+ sub-epitaxial region will explain the low
initial breakdown noted (8V), and the resistive saturating characteristic
at higher voltages may be due to depletion narrowing of the pipe by the

increased voltage. . §

‘The possibility of microplasma (defects crossing the junction surface)
contribution to the sloping characteristic was explored and eliminated.

The Jjunction d4id not show light emission under reverse drive and bakeouts
at high temperature had no effect on the characteristic. 'ﬁicroplasmas will

frequently change as surface potentials move in bakeouts.

" Diodes #86 was chemically etched to remove all metal from the Junction and
was then etched in a mild silicon etch designed to preferentially attack gde-
fect sites. A tiny defect pit was noted, not more than 4 microns in diameter,

which most probably irepresented the secondary breakdown site - see Figure 25. i

Figure 26 is & section taken through the etched junction. It shows an unusu-

nlly shallow diffusion depth which is contradictory to the expected depth

“igeunczed earlier. The Junction irregularity seen in Figure 26 may be an
rregiziarity in a discoloration site, but does not extend deep enough to

T2
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be the site of the severe bulk degradation. The magnification of the figure
is about 700X and shows a junction depth of 3.7 microns and an epitaxial

depth of 10 microns.

At this time, the failed diodes are assumed to have a higher density of
defect sites than other diodes which mekes them more susceptible to over-
stress conditions. Investigations are still in process to measure the pover

levels required to degrade these diodes.

2.4 Forward Bias Model Building Experiments

The differences in response to forward bias siressing between pellets mounted
on T0-18 transistor headers and pellets mounted in the standard glass package
has been discussed. The forward bias degradation could be related to metallic
contaminants, dislocation density sites in the junction (in which precipi-
tates may form) or ambient conditions. To investigate these areas experimen-
tal diodes were assembled and tested. When the pellets vere assembled on the
transister headers, scme of the anode contacts vere made by bonding & gold wire
to & non-overlapping aluminum contact. This construction, shovn in Figure 27,
vas used to reduce the amount of contact metal in close proximity to the Junce
tion and to eliminste the field affect of the overlapping contact. It was

felt that mounting the pellets on TO-18 headers would reduce strains, dis~

location and metallic precipitates due to the following factors:

1. The kovar base of the header is closely matched in thermal expansion with
the ailicor. This should result in lover compressive forces on the pellet
in comparison with those obtained in the normal sealing process.

2. The pressure used in assembling glass dicdes may {ntroduce plastic deform-

ations at the high sssembly temperatures. TC-18 assembly operstions are

15
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_ at much lover temperatures. f
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3. The TO-18 assembly process is peroformed in an ambient free from g ¢
contaminants, such as glass and borate salts, which are toih mobile

and soluble at normal sealing temperatures.

S T

When normal diodes and pellets mounted on TO-18 headers are stressed with

the same bias, the TO-18 mounted devices will operate at higher Jjunction

temperatures since the thermal conductivity is better in the normal pack-

age. Despite the higher junction temperatures, the results of a small :
i

scale test shoved that the pellets mounted on the TO-18 headers did not ;

degrade significantly while the normally mounted devices degraded at the

‘g;“ previously observed rates. The test results are summarized in Table 5. ]
{
TABLE 5 »

Forwvard Bias Test - T0~18 And DHD Mounted Pellets

: Number TJ At IR Increase :

B Pellet Package Tested I, T, = 125°%¢ at S0 V } :
Aluminized T0-18 6 125 mA 223°¢C 0
Silver Dot T™0-18 8 115 rA 212% 1 at 1.8X

Silver Dot DHD 8 115 mA 1#6%¢ 1 at 1.4X U{




In & second experiment, a group of pellets were removed from tﬁe.giiss
Pichlce and vere remounted on TO-18 headers with low temperature gcld-
antimony preforms. The anode contact was made by thermocumpressibn bond-
ing a gold wire to the pellet. Part of the remounted pellets were left
uncapped (ai> ambient) and part vere capped (no air ambient). All of the
devices, plus some glass mounted controls, were subjected to a forward
current of 100 milliamperes, is an ambient temperature of 100°C, for one
veek. The reverse leakage current response, at 20 volts, is plétted in

Figure 28; and, 50 volts, is plotted in Figure 29. The data show:

1. The remounted pellets are better than the cdmtrol diodes, but not to
a significant amount.

2. Three of the pellets that were remounted, and expdsed to air, degraded
approximately the same amount as the general population.

3. The entire lot of devices, both experimental units and controls; ex-
hibited high initial reverse leakage currents and shoved more degradation
than average diodes. o

The third experimégt utilized the same mounting techniques emplcye@,in the

second experimépt. However, the pellets had not been mounted.iﬁ_éiass pack-

agg/pfla; to thé experiment. Once again, part of the pellets:wefé left un-
capped (air ambient), part were capped (no air ambient), and parg were mounted

in glass packages. The same stress conditions and time were used and the 20

volt response is shown in Figure 30-and the 50 volt response is shown in Fig-

ure 31. For thiz set of tests, the data show:

1. The pellets mounted on T0-18 headers showed epproxi-.ately the same degra-
dation whether the pellets were. in 4t air or a nitrogen ambient.

2. At the 50 volt level, the worst degradation for the T0-18 mounted pellets
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was 4X, Over half of the normally mounted pelleis showed greater dagra-

daticn than LX.

Figurs 3 shows the results of the last experiment. Two lots of pellets,
from the program pellet “ank, were sampled, mounted on T0-18 headers, and

sealed in nitrogen or left uncapped. Once again, no significant dirferences.

in the degradetion were noted for the two types of ambient.

All of these experiments led to the conclusion that oxygen was not of pri-

e e

mary significance in preventing the reverse voltage-current characteristic

from softening under = large forward current stress. These results, which

are in contrast to much of the literature, also led to the conclusion that

the temperature and pressure in the sealing process are the primary influ-

ence for the forward bias feilures. These investigations are being con-

tinued.
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SECTION 3

MODEL TEST PLANS

3.1 Step Stress Testing

The problems associated with conducting electrical stress tests at very
high temperatures required advances in the state-of-the-art. Workable
solutions were found, the high temperature test cards have been delivered
and the 175°C'tests have been started. The 200°C teats will be completed
in the near future. The conclusions drawn from the information that has
been collected are discussed in Section k.

s

3.2 Deterministic Model Test Plan

The Deterministic Model tests will all consist of stress-in-yime tests as
contrasted with the step-stress tests that have been conducted to date.

The change in the form of the tests will enable the most accurate determin-
ation of acceleration factors and rate constants of the degradation equa~
tions. The test plan will be conducted in two phases; the first phase will
utilize diodes from the pellet lots that were established for the program,
and the secsng phase will use diodes with controlled manufacturing process

variations. The second phase will be based on the results of the first

phase and may be less complex,

The complete test matrix for the Deterministic Model Test Plan is shown in
Figure 33. The portion of the test plan for the Reverse Bias model has been
discussed in some detail in earlier reports, and is reviewved in Section &.
The portion of the test plan for the Forvard Bias model will be conducted

first, and is more extensive, since more information is needed to complete this

model.
8s
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It 1s cuptéﬁod that scme reactions to the stresses vill!occ;r quite rapidly.

h order to oitun the requisite data, the electrical parameters will be

r.td at 0, S, 20. 100, 200, 500 and 1000 hours. Some portions of the test

'yl&rix,n-y be ternin.tod before the 1000 hour point, if the response to the

%trttloo indicates tﬁc advisability of such a step. Based on the results

&f the step-stress tests, the electrical parameters that will bgﬁnonitdred

Bave been changed slightly, and are listed below: -

1. Breakdown Voltage (BV) at 5 and 100 microsmperes,

2. Reverse Leakage Current (IR) at 15, 30, 49, 50, 60 and 70 vbits,

3. Porvard Voltage Drop (V,) at 1,100 and 500 milliemperes, |

L. Stored Charge (QB) at 10 milliamperes, '

5. Thermal Resistance (OJc) at 300 millismperes (will be read at the begin-
ning and ot the end of the test program), .

6. Capacity (06) at a frequency and bias to be determined.

THe shape of the reverse voltage-current cha?acteristic 1§ Qnifélimportant
and it was decided to monitor this shape in the Deterninistic Model test
plan. An X-Y plotter was used to record the reverse voltage curve ;hape for
all of the diodes that will be tested. At the completion of the test stress,
or at the time the unit is removed from test, the curve shape-will be record-~
ed again. This will permit an accurate determination of the change in the
curve shape. Potential changes in the curve shape will be monitored by thé

incressed number of breakdown voltage and leakage current measurements.

After the reverse characteristic was recorded, several diodes were selected
for a capacity investigation. These units are being checked at a variety of
bias conditions and {‘requencies, and the results of the study will determine

the measurement conditions for the test plan.
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The first pellet lots, with controlled process variations, are rapidly
approaching the point of being assembled into complete diocdes. The pro-
cess variations include the extremes of the vafer resistivity range and
. the oxide thickness range. Varying values of sealing temperature and

pressure will be used in the assembly process. It is also planned to meas-
ure the junction diameter, button size and junction depth after these de-
vices have been tested. It is anticipated that these variations villi pro-
vide the necessary 1gfomi:ion to complete t‘he Deterministic Model and to

start structuring the Probabilistic Model.
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FIGURE 33
DETERMIRISTIC MODEL TEST PLAN

/ CONSTANT STRESS-IN-TIME

STRESS BIAS STRESS TEMPERATURE (°C)

s | 175

Purameters will be reed at: 0,5,2¢,100,200,500 end 1000 hours.
-] I = Tests that vili be run with 3 diodes from each diffusion lot, 18

¥ = Tests that vill be rn if the data from the other tests whovs that
the high stresses are needed.
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SECTION &

DIODE STRESS TEST RESULTS

L.1 Temperature and Reverse Bias ’

A Deterministic Model relating diode degradation with the stress vari- | 3

ables has been constructed, based on the current results of the step

stress and long term, constant stress-in-time data analyses. The model

is shown in Figure 3L. The stress variables that are explicit in the

nodel are the reverse voltage, V., and the time on stress, ts. The ¢ i“

S!

stress varisble of temperature is implicit in the model and is related

| i
to t_, the time constant of the degradation mechanism. The dependence of i

t, on TS takes the form of Arrhenius relationship. The temperature, TM'
and electrical bias, V“, at vhich the degradation is measured are 2lzo

implicit in this model.

The detailed breakdown of the model depicted in Figure 3L also irdicates
explicitly and implicitly ¢hose procazss variables that are expected to
infiuence the degradstion. Thus, the Deterministic Model relstiog the

arithmetic increese of lesaksge current, AI, to stress is:

I = K‘AS (1-e~%8/%0)

vhere K is 8 function of the geometry processing variadles and measurement
conditions, for vhich a "typical” value can be assumed. The Deterministic
Model could Ye vieved as a mathematical representation of "typical” device
behavior relating the change in electrical charscteristics vﬁth siresgs.

Such models, vhen shown to be adequate, are useful, for prediction and es-

timation of degradstion; further, the models are esiremely useful for od-

e S d—




DU REERE S A S
R v

he IYNOT4

Ag00t @ HMOoTIvARAdIGD

¥

6 508 86 0012 oL 1371090 9213 STUTIEY W2 OT X 9T m U
L1Y L ns 1%
20T < Pp o205 v e (Pays
octTe
L6 12 s0¢ L2 98 12 12 A0S 20wl 2313 X031 A3iAyiImesd
X - 4]
Wo _ (IOA #4WOTHOD 01 X 2np'g = 9>
16 g0t 996 o0tz -~ | - - "t~
0318 402
: L6 (4313 . Qmm 00T2 <z IUSIBUOS OIIJLRTITP L ]
‘T 1T 11 1t A
‘ 29I9YO uwoLoRTE QU TN ma:na X5 Twe ,
0,06T | 982t 04001 DoSe My - | “ .
L | g5aL8) SLIYISHDD

‘8388 $88338
desg aqy wol;
LLEY gl o

SEIOADTIQL MPIRE W 0T X £E'T =P

YOITITE O 30) saoucp Jo A3308D 943318776 mugﬁ mdoa %

veIe UOT3IIUN{ POSVIIID SSOT 1IWIDIT ISATIS UIBIVIADUR VBTV mau -7 X 16°2 » Y

SWEINITY J0TATED 00 Quo« PR

(ZAOEY QRIID) SETEVINVA
FRAOOUL 40 SATVA CRLSEXE

*SOTQRIIN, 880238
03 sd8zez g adixosqng

*E9TQUIIVA ITSEBINSUSY 5 By o m““whuli _
(030 1 IV =il o o, *T) 0 .@ @ ™us .m . 1%
¥

03 s1ejex N Mdpaosqng 3 ¥ 8, "2
4 LQT A X oo
©woh # | \ f
A " "
A 3




tain?ng ansvers to questions relating to scceleratioa factors, burn-~in
and devics specifications. As the program study progresses, & proper
evaluat ‘on will be mude of the effect of device-to-device variations
(inherent in the X factor) on device degradation. The Deterministic Model

will then evolve into the more realistic Probabilistic Model.

It should be realized that the development of the Deterministic Model
is subject to restrictions. That is, the model was developed for a par-
ticular diode geometry and processing and was shown to hold over a region

of stress variables. The model shown in Figure 3i was developed for the

stress region up to 150° temperature and TO volts reverse bias. Prelimf.

nary fixed stress testing at 200°C shows a aon-saturating effect of degre~

dation vhich deviates from the degradation model. Thus, the model will be

| « modified for the region of increased stress. With the compisetion of the
. constant stress test plan design (Figure 33) for the second yesr effort.
the Deterministic Nodel vill be variffed, refinmed and sodilied. The wodel
is plotted on linear scﬂec' in figure 35;the lipsar fit on semi-log peper
is shown in Figure 36. The “able included with Figure 3k showa the estim-
ation of maximm degradationm, AIS. and the time ccastant, to based on Lhe
analysis of data from the step-stress testing. These walues will bYe refined

in the analysis of the constant stress-ip-time.matrix.

When the degradation mechanism i» estsblished, the step-atress test dsta

Eorre ot i o ) o ;1o

can be utilized to obtaia first estimates of t, for di rferent 'rs valoes, and

8

'. to obtain 8l for different V. values. A: an example, the calculations are "
performed for the tesperature step-stress test in vhich ’?‘ = 70 voltas.

3
age data obtained after the 150°C gtep {since tha time constant

Step 1 -~ Estimate the expected walue of Al_ from tbe fimal incremeutal lesk- _ i

- b2

2 adnabulie

S s v A vt e
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Step 2 -

Step 3 -

is leas than 100 hours at this temperature level, this would
be a reasonable estimate) Ig = 54 nenoemperes., Thé estimated
value of S5k nA is inéerted into the equatiou below, as is the
4 nA average leakage shift observed after 168 hcurs at 75°C

(the first step in the temperature step stress).

aI, = oI (1 - e'lsa/tol)

b= sk (1 - &7188/%)
and solving for to gives

tol 2 2100 hours.

Estimate the "equivalent" stress time, t;', for 106°¢, which

is the second step of the temperature stress.

Estimation of to for 100°C must take into acccunt the previous
388 hour stress at 75°C. Thus, the 4 nA shift that was actu-
ally observed must be related to a reduced time, ts',on the

higuer 100°C stress.

oI, = AT, (1 - e~ts'/to2)
b o= Sk (1 - e"ts'/to2)
and solving for ts' gives

t,' = .08%2 4+ 165, vhere tp; is the
time constant associated with 100°C.
(o]
O "al
Estimate t°2 for Th = 100°C

Using the observed average leakage shift, 4Ip, after the 100°C

step, an sgtimate for t02 is obtained as follows:

92
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%‘ s

- . -t'g/t
AI?. 5’% (l=e 02)

- e-(.Oe toe + 165)/t°2)

1 = 54{1
and solving for t°2 gives

to =988 hours

Step b - Estimate "equivalent” stress time t." 8t L= 125°C, (the third
siep in the temperature stress ssquence}. In a similar fashica
to Step 2, the 12 nA shift observed after 100°C is equivalent to
a reduced time, t,", on 125°C of tg" = 0.25 t, + 168 (neglecting

the second order effect of the previous 168 hours at 75°C).

Step 5 - Estimate ¢, for Tg = 125°C, Using the observed aversge leakage

shift of 30 nA, AI., after the 125°C step, to3 1s estimated in a

3’
gimilar fashion to Step 3.

a1y =5k (1- (B % 168)/t,)

and sclving for t°3 gives

t°3 = 305 Hours.

The time for the 150°C atep, t,)s Would be approximately 100 hours, vhich
compares favorably with the preliminary estimate of 50 hours from the con-
stant stress-in-time testing. Fitting these estimated values of 1, to the
Arrhenius relationship, t, = eEn/ KT, and equating EA/lﬂ' to the slope of
the line (K is Boltman's constant), gives a value of EA approxinately
equal to 0.62ev. Applying these estimated time constants to the other
temperature sbep stress cells geve reasonsble correlstion betveen the

observed and calculated leakage current shifta.

The fit of mean leakage current shift on a recriprocal absclut2 teaperature
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scale dased on the results of the step stress testing is ghown in

Mgure 37. The actual I movement at two measurement bias voltages,

after each tempe.ature step stress reedout is in Figure 38. Figures 39
ard 49 aupport the asswzption of linearity of degredation (AI) versus

Stress voltage (Vg) as dictated by the mndel.
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LBAKAGE CURRENT DEGRADATION IN TIME FOR THE TEMPERATURE AND REVERSE BIAS (vg}

DICRADATION MODEL; A\ I = AIg (1 - e

FOR STRESS TEMPERATURE 75 C.
-tB/tO)

Vhere AAY 1s arithmetic shift of leakage current Ig

Ig 1s maximum shift (at saturation) - runction of stress voltage VR
measurement temperature, and process and design factor:s e

tg is time under stress

to is time constant (time at which 0.63 AIg is acnieved).
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MEAN In SHIFT (A1) vs. TRMPERATURE ON TIMPERATURE STEP STRESS WITH FIXED
REVERSE BIAS VOLTAGK.

Vg » Reverse Bias Strees Voltage. Y% - Mossurement Bias voliuge = 50 V.

}.-

MEAE ARTTHMETIC SHIFT (.Ki) - IN HANOAMPERES.
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MEDIAN IR vs. TEMPERATURE ON TEMPERATURE STEF STRESS WITH FIXED REVERSE
BIAS YOLTAGE. (Stress Cells 16, 17, 18).
vg ® Reverge Bias Stress Voltage. V., = Mrasurement Bias Voltage.
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Maln ty suzrr (AT ) - IN NANOAGERAS.

s SNIPT (AT) vs. REVERSE VOLTAGE ON VOLTACE STEP STRESS
Mmm%?ms"c ~ (Stress Cell 15). VIT8 FIXe

L .»'.'.'Nrn Bias Stress Voltage.
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4.2 Temperature and Forwvard Bias

The analyses from the temperature and forward bias step-stress testing

show an altogether different degradation response than reverse bias stress-
ing. For the reverse bias stressing, the population response was uniform,
while the forward bias stressing population response was multi-modal. Some
diodes did not degrade at all while other diodes from the same diffusion 1.t
degraded progressively with temperature and current to catastrophic levels.
The degradation response to forward current testing is much more dependent

on V,, the measurement bias voltage, than the reverse bias response. Thus,

N’
analyses of the results from such stressing involve aiiribute type analysis
as vell as intensive voltage-current characteristic studies prior to and
after stress., Attribute analysis results should make it possidle to estimate
with confidence, the percentages of the different response classes in a
random popuiation. Purthe: anslysis would then be requixéd Lo eatizate the
degradation rate of a given class of diodes §s & function of the stress vari-

(temperature) ard I_ (forward current).

ables, T 3

S

L)

The median reverse leakage current movement alfter each temperature step-
stress readoi " (at fixed levels of forvard current) is showvn in Figure 4l
for a measurement voitege of 15 volts. The movement At s measurement voit-
age of 30 volts is shown ia_?ignrg 42 and the movement for 50 velts is shown
in Figure L3. The movement is shown for other percentiles, in chart form,
in Flgure 44 for s messurement voltage of S0 volts. The reverse leakage
current response o forvard current step-stress (at 100°C), is shown in

Figure U5,

10}
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The abacisse is linear, reciprocal junction temperature. The junction

temperature vere calculsted from the data obtained in the thermal resis-
tance studies. Pigure 45 is o grsph vhich may be used to

relate forward current, ambient temperature and the estimated ,unction

temperature.
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s. TEMPERATURE STEP STRESS WITH FIXED FOR.. RD JURRENT

1s 12, 13, ik).

v
R
v

MEDIAN I
(str.ss

Vy » Measurerent Bias Voltage » 30 V.

Is « Forward Stress Current.
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MEDIAN IR vs. TRMPERATURE STEP STRESS WITH FIXED FORWARD CURRENT
(3tress Cells 12, 13, 1h).

IS a Forward Stress Current. VM » Measurement Bias Voltage = 50 V.
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e Wy « 50 V. DEGRADATION UNDER ACCELERATED FORWARD CURRENT TESTING.

————

9TRESS CELL 15

INTTIAL] ESTIMATED MEAN JURCTION TEMPERATURES
PIXED Ip « 1 aa. JVALUBS | 75°%C. 100°C. 125°¢. 150°%.
WI? 1 1o% LEE: 0.9X |7 0.7 x|]
_25th Percentilef 16 0.9 X 0.8 x 0.8 X 0.7 x|
| 50th Porcentile| 23 0.9x | 0.8x 0.8 X 0.7 X | [
B T5th Percentila 40 0.8 X 0.7 X 0.7 X 0.7 X UL
|50tk Percentile U6 09X | o08x | o0.9x 1.0 X s
STRESS CELL 13 | INITIAL] ESTIMATED MEAN JUNCTION TEMPERATURES
FIXED Ip » 50 mA. | VALUES 70C. 1s°c, 159 %. 164 °C.
_.-:‘ftf Percentije lgA‘ 0.9 X 8.5 X 0.8 X 08'7‘—
25th Percentile| 14 0.9% | 08X 0.8 X 0.7 x|
P%;F;_e:c;;;i; 17 0.9 X 0.8 % 10X 1.5 X—L;.J‘
75th Percentile 22 1.0 X 1.2 ¥ 1.5 X 1.1 x4
90th Percentile| 28 1.3 X 2.4 ¥ 3.6 X >
STRESS MEIL L4 || INITTAL] ESTIMATED MEAN JUSCTION TEMPERATURES )
FIXED I w 100 mA{ VALUES 110°C 154°¢C 158°¢ 182°¢c |
10th Percentiie mig'l\ 0.6 X 0.5 X 1.3 X T.6 X 3
25th Percentilal 1b 0.8 X 0.8 X 1.8 X 3.3 x}
50th Percentilef| 20 0.7 X 1.1 X k.7 X 21.0 x4
75th Percentile] 23 1.1 X% 0.9 X > > |}
90th Perce;fz.le Lo 1.9x 68.8 X > > ¢
SIRESS CELL 11 INITIALY ESTIMATED MEAN JUNCTION TEMPERATURLS L
FIXED Ty w 100° ) S M T e e i L%,y 1s6cc
TR FersertITs D N RSB E It s ek e
25th Percentile| 1% 08x | 10x | 10x| 1.0x | 2.0% | 1.0x}
50tn vevcentiiel 19 09X | 11X | 11x| 1.1x | 2.2x | 2 h‘y’
75th Percentile] 33 0.9X | L.1X | L.1X| 2.6 % {13.6x 16.7";
9Oth Percentilej b2 09X | 11X | Lhx Juax |reax | > _]
B Units removed for rejection (Assume greater than previovs percentile),
FIGURE ub
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PERCENTILES OF Tp vs.
FIXel: AMBIENT T

Ig = Forward Stress Current in mA .
T4 = Junction Temperature in degrees Ceatigrade.

Iz - IN NANOAMPERES.

10 prtdore

Ig . (150 125 00| 50 25 1
Ty « 1156 144 134 | 115 107 100

2.3

JUNCTION TEMPERATURE ON FORWARD CURRENT STEP STRESS AT
EMPERATURE (100°C.). (Stress Cell 11).

VM = Meesurement Bias Voltage. r 50V,
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CALCULATED JUNCTION TEMPERATURE, 1/T x 10° (°k™).
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300

250

200

- IN DEGREES CENTIGRADE.

! .150
JUNCTION TEMPERATURE

100

AMBIZNT TEMPERATURES (Tp)
/ .
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P.th}iblp ’DII»IIBP\— IPI\‘P‘DDM;PDbFIL’Ib’PFrrPP
g § - 5 ] § g = &

*STUIAWYITIIN KX ~ JNEWEND 0° ¢ GHVYMMDE

RPMOTED JUMCTION TEMPERATURES vs. OPERATING FORWARD CURRENT TESTS AT

PIZURE L6
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4.3 long Term Constant Stress-in-Time

The parameter messurements have been made at the 9000 hour readout
fer the operating, temperature storage and temperature plus reverse bias
long term tests. The 8000 hour measurements have.been made for the for-

ward bias long term test. !

The ctserved reverse leakage current shift, as a function of time, is pre-
sented in four series of figures. Each series consiste of six figures,one
for each of the pellet diffusion lots. The entire distribution of the re-
gponse is shown in e ch figure, for one of the original pellet diffusion
lots. Thus, it is now possible to determine if there is any correlation
between the degradation and a specific pellet lot. When test fzilures have
been identified, and removed, this fact is noted on the appropriate figure.
A table is inset in each figure which shows the pre~burn-in distribution of

the reverse leaxage current.

The response for the operating long term test (IF = 450 mA pesk, Vg = 30V
peak) is shown in Figure 47~1 through 47-6. There has been very little
response to this stress (as expected) except for one unit in diffusion lot 5.
This unit was an A-~2-a type failure, but it is not yet possible to assign

any general failure response pattern to the population.

The tempercture plus reverse bias long term test ('1‘A = 150°C, VR = 30V) re~
sponse is shown in Figure 48=1 through 48-6. There has been more response

for this test than for the operating test, generally in the direction of an
increase 1n the leskage current., Most of the failures that have been observed
for this test have been determined to be non-legitimate, such as test equip-
ment induced failures. The response pettern will continue to be observed,

109




to check for any possible degradation pattern.

" The response for the temperature storage (TA = 200°C) long term test is
shown in Figure 49-1 through 49-6. Once again, the general response has
been rather small (confirming the model), although several non-legitimate
fallures have been produced. A full discussion of these failures is con=-

tained in paragraph 2.3 of this report.

The forward bias (IF = S0mA) long term tgst response is shown in Figure
50-1 through 50-6. There has been almost no'response to this stress test
which confirme the prediction of the model. The ninimum value unit, for
tvo of the diffusion lots, shifted downward but it is not yet_péssible to

detect any general failure response pattern.
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The forvard bias portiocn of the model hee proved to be more complex than the
Teverse bias portion. The cbserved response to stress has been sulti-zofal ead -
dependent ¢n the meesuremsnt bisz voltages. This portica of the molsl is bedwg -
structured, dut the following joints have been determined, and are 4i cusned

ia this report:

- the tempersture and pressure used in the sealing proceas have & major
effect in thy degredatior responssz pattern,

~ the degredation pattcrns following the sealing process, forwamd current
stresses and at very high temparature stress at zero biss are {dawtiesl,

= the d.greded devices, which hedl been stressed in the sealing process,
exbibited microplesms light emiasicn, lov saplitude microplasss
noise pulses and reverse voltage walkout,

- the ohserved failure mschunisms s¢em to be surface, rather than tlk,
1clated phenomena,

~ there is evidence to indicate that the model should be bassd on the
high temperature decosposition of & compound 1nto components, st least
ope of vhich is active in increasing the surface electron comcentretion,

- the planned test matrix to cosplste the structuring, verificetion and
refinewent of the model, .

~ 3 summry Of the failure anklysis effort performed to dcde on this portiom
of the model.

Faflure analysis vill become 3n even more importsnt part of the work effort to
achieve the objectives of the program. This report contains an explanetion of
the physical pature of the failure machanism &nd & complete Failure Mnde Chext

vhich defines codes and related the failure mie categories, failure mechanises
and failure causes.

The cosprehensive step-stress tests bave been continued. “he 175°C forward
current, forvard voltage and reverse voltage stresses are cospleted, sod the
dats analyzed. The 200°C and 225°C stresses will be completed naxt. The step-
stress Gata will be used to extend ths renge of the revsrse bias portion of the
Deterministic Model as well &s $0 make certain that all the nececeAry stresses
are included in the Deterministic Modwl test plan.




